Thi8 study deals with age-relatedfunctionalchange8in the eye of quail. Measurementsof lens refractivestate and transmission,as well as pupil diameter,showedthat the quail'seye became more myopicwith increasingage, but no changecouldbe detectedin lens transmissionand pupil diameter.Threeaspectsof the patternelectroretinogram (PERG) were studiedaftercorrectingfor ocular refraction:(i) spatialcharacteristics(visualacuity and contrastsensitivity);(ii) maximal amplitude;and (iii) peak latency. The PERG results suggestedthat the visuaJacuity was ageindependentfor both sexes.However,the contrastsensitivityof the old quail (16-20 months)was muchlower (1.5-3 times)thanthat of the young(3-6 months)at low to intermediate(<2 c/d), but not at highspatialfrequencies. The peaklatencyof the PERGresponsewas3-4 mseclongerin the old birds comparedwith the young,whilethe maximalamplitudeof the PERG responsewas ageindependent.These results clearly suggestedthat at least some of the age-inducedchangesare locatedin the neuralretina.
INTRODUCTION
There is considerable evidence to suggest that the visual system of the pigeon shows patterns of change with age that are strikingly similar to those observed in humans (Hodos et al., 1988 (Hodos et al., , 1991a Porciatti et al., 1991) . In a series of psychophysical,morphologicaland electrophysiological experiments on pigeons, Hodos et al. (1991a) and Porciatti et al. (1991) found a progressivedecline in visual acuity with increasing age of birds. Some retinal pathological (Fite & Bengston, 1989) and psychophysical data (Hodos et al., 1991b) have shown comparable agedependentchanges in quail, but occurring at a faster rate. In a behavioral experiment on female Japanese quail, Hodos et al. (1991b) obtained similar results as with pigeons. On the other hand, a morphologicalstudy on the quail retina found no profound age-dependentchange in the quantity or morphologyof photoreceptors(PCs) (Fite & Bengston, 1989) .
Quail are sexually dimorphic; females are reported to live for considerably shorter periods than males if they are maintained on long day (12 hr or more) illumination, when the females ovulate continuously (Woodard & Abplanalp, 1971) . Ichi!chik and Austin (1978) that some 50% cumulativemortalityoccurred for females (VS38% for males) by 1 yr of age, and this increased to 95% mortality by 100 weeks for females (VS60% for males). Thus, the rate of ageing of quail appears not only to be faster than that of pigeon, but also highly sexdependent. The presentstudy adoptedthe quail as an animalmodel for characterizingthe effects of ageing and sex on retinal mechanisms of vision. Thus, pattern electroretinogram (PERG) measurements have been made to explore several different aspects of visual functional changes. Riggs et al. (1964) first introduced the use of PERG to study the electricalresponsesof the human eye. Evidence has been accumulated that the PERG has multiple cellular sources (Berninger & Schuurmans, 1985; Baker et al., 1988) . In the pigeon, Holden and Vaegan (1983) recorded the PERG with intra-retinal microelectrodes and reported a maximum amplitude in the inner nuclear layer (INL) . Furthermore, the PERG of the pigeon was shown to remain intact after optic nerve section (Bagnoli et al., 1984) .These results suggest that the PERG of the pigeon is likely to arise from retinal neurones.
METHODS

Subjects
Quail (Coturnzk coturnix japonica) were kept on a light/darkcycle of 12/12hr; light was given from 8 am to 8 pm. For anesthesia, 10% ketamine (0.06 ml/kg) was first injected intramuscularly and was followed 10-20 min later by 20'%urethane (0.1 ml/100 g) injected into the peritoneum. Before each experiment, the quail was weighed and an ocular fundus examination was carried out after anesthesiawith an ophthalmoscopeto determine the clarity of the ocular media. The bird was then wrapped with cotton to keep it warm for 1-1.5hr until it was completely anesthetized.
All the procedures used on living animals described in this study were monitored carefully and adequate measures were taken to minimize pain or discomfort. The experiments were carried out under a personal license to Jee-Yau Lee (Home Office No. PIL: 70/10132, U.K.).
PERG measurements
The anesthetized quail was mounted in a stereotaxic apparatus.The head positionwas adjustedso that the eye corresponded to the stimulus center, similar to that used in pigeon (Hayes et al., 1987) . The PERG was recorded from the left eye by a small stainlesssteel needle inserted in the conjunctivalof the lower fornix. Another similar electrode, placed at the same position on the right eye, served as reference (Porciatti et al., 1989) .
Patterned stimuli were black and white stripes produced on a 19-inch studio quality TV monitor (Melford Electronics, controlled by a grating pattern generator (T221). A screen distanceof 50 cm was used. The stimuli comprised vertical sinusoidal wave gratings that varied in both contrast and spatial frequency. The gratings were modulated in counterphase at 7.7 Hz. Recordings were obtained after at least 40 min of light adaption to the background luminance of 50 cd/m2.An amplifierwith a FET head stage, gain of lOOOx and a bandpass response frequency of 1-50 Hz was used. The outputof the amplifierwas connectedto an oscilloscope (Hewlett-Packard, 1200B) to monitor the recorded signals. The oscilloscope also provided further amplificationof the signals(1OOX). A functiongenerator (Hewlett-Packard, 331OA)was used to synchronize the grating generator and the oscilloscope.The signalswere then averaged with a Hewlett-Packard signal analyzer (5'480B).10-bit A-D conversion was provided by the averager, and 1024responseswere averagedroutinelyfor each reading. The amplitude of the averaged response was read from a digital voltmeter (Racal-Dana Trms, 4002A) connected to the signal analyzer. The peak latency (the latency of the signal peak) was estimated directly from the display of the signal analyzer. An example of PERG waveform is presented in Fig. 1 . The noise level of the recording was determined with the stimulus grating turned off and set to the mean luminance.
Measurement of the light intensity of the TV screen using a photometer showed that the real 70 contrast was the same as the apparent Yocontrastgiven by the machine reading in the range G85% and then saturated up to 100VO apparent contrast.
In order to study and compare the various visual parameters in the quail's PERG as a function of age, the birds were generally divided into three age groups, as follows: (i) 3-6 months ("young"), (ii) 7-15 months ("middle-aged")and (iii) 16 months and older ("old").
Refractive state measurements
A bird under anesthesia would lose the ability to accommodate,and a spectaclelens of +2 dioptres(D), for thescreen distanceof 50 cm, shouldtheoreticallybe used to insure that the screen was conjugate with the retina, assumingemmetropiain the lateralvisual field.However, it was found that most quail eyes were, in fact, ametropic. Ocular refractive states were determined routinely, therefore, for individual birds by PERG measurement to find the spectacle lens which projected the sharpest image onto the retina. Spectaclelenses varying from +10 to -10 D were tested on each bird and the respective amplitudes of PERG signals were recorded. The grating pattern used in the examination was set at a spatial frequency of 2 cld with 85% contrast. The correct spectacle lens was then determined by locating the peak position of the graph of PERG amplitude vs lens power. The refractive state of the eye was defined as the difference between the power of the correct lens minus +2 D.
Visual acuity measurements
The spatial frequency of the stimuluswas varied from 0.25 to 5 cld in 12 steps with the contrastfixedat 85%.
The amplitude and the peak latency (defined as the time from the onset of stimulusto the peak of response)were then recorded for the various spatialfrequencies.A graph of amplitude vs spatial frequency was plotted. Linear regression analysis was then done. Data points 21.2x noise level were used. However, since it was not a linear function, some data points for low spatial frequencies (0.25--0.75c/d) usually digressed from the regression line. They were excluded. Visual acuity was determined as the spatial frequency correspondingto the intersection point of the linear regression line and the horizontalline of noise level.
Contrast sensitivip measurements
Contrast (70) was defined conventionally as (b,. -Lmin)/(&mx + &iJ, whereL stands for luminance. The contrast of the stimulus at a given frequency was varied from 5 to 85% in 11 steps. The amplitude and the peak latency were recorded for various contrasts. A graph of amplitude vs contrast was plotted and second-order regression was used to fit the data points best. The contrast threshold was determined as the value of the contrast (70) corresponding to the intersection of the regression line and the horizontalline of noise level. The contrast sensitivitywas then deduced as the inverseof the contrast threshold. The same procedure was repeated for various spatial frequencies (0.25-5 c/d). Data sets were plotted as contrast sensitivity vs spatial frequency. The contrast sensitivity measurements (which usually lasted for 1-1.5 hr) were concluded routinely with a check of the maximal PERG amplitude (1 c/d at 85% contrast). If this remained above 85% of the initial value, the birds were assumed to still be in good physiologicalcondition.
Pupil diameter measurements
Post-mortemdissectionwas carried out after the PERG measurements. The quail eyeball was removed and its pupil diameter was measured by a micrometer. 
Lens transmission measurement
Lenses were removed from the eyeballs and temporarily stored in a freezer for later measurement.They were thawed immediately before measurement. The spectral absorbance characteristics of the lenses were measured accordingto the method of Douglas (1989) . Briefly,each lens was firstput in a hole, drilled to the same size of the lens, in an aluminum square screen column. The column was then mounted onto the window of an integration sphere fitted in the sample chamber of a spectrophotometer (Shimadzu UV-240). With the presence of the integration sphere, the true transmission of the lens could be measured without interference from light scattering. The spectral transmission was measured in the range 200-700 nm.
Data analysis
Quantitative data were determined as means & standard errors. Statistical significance was tested using a two-way analysis of variance (ANOVA), with age and gender as independentvariables.
RESULTS
Refractive state
The refractive state of the quail's eye was agedependent in both sexes. On the whole, more myopic spectacle lenses were required for the older birds. The averaged values of the refractive states are given in FIGURE2. The refractive state as a functionof age of (a) male and (b) female quail.The error bars represent standarderrors. n is sample size and D is Dioptre. In each case (a and b), the lower panel denotes average data groupedfor "young"(3-6 months), "middle-aged"(7-15 months) and "old" (>16 months) quail. (n= 9) and -3.25~0.84 D (n = 6) in middle-and oldage, respectively.The females were somewhat different. There was a continuous decline from young (-0.59 f 0.83 D; n = 15), to middle (-1.5 f 0.61 D; n = 7) and then to old (-3.16 f 0.64 D; n = 19) age. A two-way analysis of variance (ANOVA) was carried out on these data, with age and gender as independent variables. For age, the results were F(2, 65) = 5.13, P = 0.009. The post-hoc Scheffe test indicatedthat when gender is disregarded, the refractive state of young birds was different from that of older birds (P= 0.003). However, the distinction between male and female was not significantbetween young and old quail.
Lens transmission
Typical absorption spectra covering the spectral range from 200 to 700 nm are shown in Fig. 3 . It can be seen that the quail'slenseswere almostcompletelytransparent (100% transmission) in the visible range (400-700 rim). There were significant absorbance wavelengths below 400 nm and a very sharp increase occurred at around 310 nm. However, age and sex appearedto have no major effect on the transmission of the lenses.
Pupil diameter
Since pupil size could decrease during light adaption, the pupil diameters of the anesthetizedquails' eyes were also checked both before and after the PERG recordings to determine if there was any change induced by the grating stimuli. The result revealed that there was no significantchange for both sexes (data not shown). The pupil diameters of the different age groups after postmortem dissectionare shown in Fig. 4 . For both sexes of the middle-age group, the averaged pupil diameter [2.62 t 0.1 mm for males (n = 6) and 2.58 f 0.12 mm for females (n = 5)] was slightly smaller than the values [2.6 Y 0.08 mm for males (n= 9) and 2.67 t 0.1 mm for the females (n = 6)] for the young. The distinction between the middle-age and the old was also minimal [2.62~0.1 mm (n = 6) vs 2.56 & 0.11 mm (n = 14) for males, and 2.58 f 0.12 mm (n = 5) vs 2.56~0.08 mm The uuuil diameter as a function of age of (a) male; and (b) female quail."T~eerror bars represent starrdarderrors. n is sample size. Age is counted in months and pupil diameter is in mm. The "young" quail (3-6 months), "middle-aged" quail (7-15 months) and "old" quail (>16 months). 
Contrast sensitivity
Since it was difficultto acquire quail of known ages in large quantities, contrast sensitivity measurement could only be done on groups of "young" and "old" birds. The contrast sensitivitydata obtained for young and old quail are compared in Fig. 6(a) females.-Thedata for the youngbirds were fitt~dbestby a parabolic curve, and showed that contrast sensitivity declined continuouslywith increasing spatial frequency. The data obtainedfrom the old birds were also fitted by a parabolic curve. For the old birds, there was a slight rise in contrastsensitivityas the spatialfrequency approached 0.5 c/d from the lower side. However, a two-way ANOVA performed on these slightrise data, with gender and spatial frequencies as independentvariables showed no significant effect. A further increase in spatial frequency then resulted in a continuous decline in the contrast sensitivityof the old birds. A two-way ANOVA (with age and gender as independentvariables) indicated that there was a significantdifference [1.5-3 times; F(l, FIGURE 5. Visual acuity as a function of age of (a) male; and (b) female quail. The error bars represent standard errors. n is sample size. Age is in monthsand the unit of visual acuity is c/deg. In each case (aandb), thelowerpaneldenotes averagedatagroupedfor''young''(3A months), "middle-aged"(7-15 months) and "old" (>16 months) quail.
illumination, play no major role in any age-dependent change in the visual functions of the quail.
Visual acuity
Visual acuity was measured after correcting for the refractive state of the eye in each case. The results of the visual acuity measurements in the different age groups It was clear from these data, that the contrastsensitivity of quail, as opposed to the visual acuity, is age-related. The decline was most significant at lower spatial frequencies.
The maximal amplitude and the peak latency of PERG signals
The maximal amplitudes and the peak latencies of the PERG signalswere recorded and averaged for the spatial frequencies 0.25, 0.5, 0.75 and 1 c/d. These data are shown in Figs 7 and 8, respectively. For young male quail, the averaged maximal amplitudeof the PERG was 7.2~0.4 pV (n= 16). This changed to 7.3 i 0.6 pV (n= 9) in middle-aged and 7.5 f 0.6 pV (n = 6) in the old birds. For the females, the values were 6.0 + 0.4 pV (n= 15) for the young, 7.1 t 1.0 pV (n= 7) for the middle-aged and 6.3 t 0.4 pV (n = 19) for the old. However, a two-way ANOVA showed no effect for age [F(2, 63)= 0.567, P = 0.57] and gender [F'(1, 63) = 3.426, P = 0.07].
On the other hand, thepeak latency of the male and the female quail increased with time up to middle age. They FIGURE8. The peak latency of PERG signals as a function of age of (a) male; and (b) female quail. These were the averages of the data recorded from the measurement of visual acuity with spatiaf frequencies below (and including) 1 c/d. The error bars represent standarderrors. n is sample size. In each case (a and b), the lower panel denotes average data grouped for "young" (3-6 months), "middleaged" (7-15 months) and "old" (>16 months) quail.
increased from 44.3~0.4 msec (n = 16) for young males and 43.7 t 0.4 msec (n = 15) for young females to 47.1 t 0.2 msec (n = 9) for middle-aged males and 47.6 t 0.6 msec (n = 7) for middle-aged females. A two-way ANOVA was carried out on the peak latency data, with age and gender as independent variables. No significanteffect was found for gender.For age, however, the resultswere F(2, 67) = 34.032,P <0.001. Individual post-hoc Scheffe tests indicated that when gender is disregarded,the increases from the young to the middleaged birds were significant(P < 0.001), but there was no further increase in response latency in old quail (P> 0.71).
DISCUSSION
Considerable quantitativevariability was experienced in the measurementsof the visual parametersof quail of a given age and sex, possibly reflecting differences in the ageing process and/or the general physiological conditions of the animals. It was necessary, therefore, to maximize the sample size when performing a given measurementand to make comparisonsamongst specific age groups. Thus, it was found that the refractive state of the quail's eyes became more myopic with increasing age, but no change could be detected in lens transmission and pupil diameter. From the PERG measurements (precededby ocular refractive correction),several effects of ageing on visual functions were found, as follows: (i) The contrastsensitivitydeclinedwith age. The &Cl& was most significantat low to intermediate (<2 c/d) , but not at high spatial frequencies.This would imply that the age-relatedimpairmentin visionwas more pronouncedin the visual pathways responsiblefor the perceptionof low spatial frequencies. (ii) There was no substantialchange in visual acuitywith increasingage. (iii) The peak latency of PERG responseincreased up to middle-age.(iv) There was no change in the maximal amplitude. None of the visual functions studied and the ageing effects described showed sex differences.
Refractive state
In the present study, the old quail were approximately -2.5 D more myopic than the young. Myopia thus was quite prominent in the old quail, possibly due to an increase in the axial length of the eye (Stone et al., 1989) and/or an increase in the extent of the anterior chamber with age (McBrien & Norton, 1992) .This result is in line with the observation of Hodos et al. (1991b) suggesting, from viewing distance measurements, the presence of progressively increasing myopia with age in quail. The result, however, is different from the finding in aged pigeons (aged 10-16 yr) assessed by refractometry (Hodos et al., 1991a) and viewing distance measurement (Fitzke et al., 1985) ;these birds were found generally to be more hypermetropic than the young (aged 2 yr). The difference may be rooted in their different lifestyle. While pigeons are good at flight, quail spend almost all the time on the ground pecking food.
When comparison was made between the two sexes, we found that there was a difference between the refractive states of the males (-3.5~1.05 D) and the females (-1.5~0.61 D) in middle-age. The reason behind this is not clear yet.
Lens transmission
It has been found that the human lens becomes yellow when aged due to excessive absorption of UV light (Weale, 1963 (Weale, , 1988 ). An increase in the proportion and confirmational changes of crystallineproteinsin the lens has also been detected (Takemotoet al., 1989; Srivastava et al., 1992) . These changes are likely to be involved in the opacification of the lens found with ageing and can consequently decrease the luminance on the retinal surface, as well as causing blurring of the image. However, there is no reported evidence of lens yellowing with age in any species of bird that has been studied so far. In transmission measurements on quail lenses, also, no difference between the young and the old, as well as the male and the female quail could be found (Fig. 3) . These results are consistentwith the report of Hodoset al. (1991a) , who found that the optical density of lens and cornea did not change with increasing age in pigeons. The spectral transmissionmeasurementsin quail showed that the lens remains completelytransparentin the visible range (400-700 rim). There was some absorbance at wavelengths below 400 nm and a sharp increase in absorbance occurred at around 310 nm, probably due to the presence of proteins and nucleic acids. If cumulative UV exposure is the main causative agent of lens darkening, then birds may have evolved a protective mechanism against this so as to maintain their ability to detect and discriminate UV light (Bowmaker, 1979; Remy & Emmerton, 1989) .
Pupil diameter
It was found that the pupil size of the quail remained the same following the PERG measurements, indicating that the light from the grating stimuliitselfwas not strong enough to cause any pupillary response. It also implied that the retinal illuminance remained the same throughout the course of the PERG measurements.
Changes in pupil diameter have been demonstrated as the adult grows older (Weale, 1963; Sekuler, 1982; Sekuler & Owsley, 1983) , and senile iris degeneration is most often held as the reason (Fisher, 1973) .However, in quail, the averaged pupil diameter did not depend significantly on age, so the age-related changes in the visual functions observed in this study could not be attributed to the decrease of retinal illuminance or the increase of diffraction due to pupillary changes.
Visual acuity and contrast sensitiviĨ n humans, a modest decline in visual acuity prior to age 60 years, followed by a rapid decline from 60 to 80 years of age has been documented (Weale, 1982; Ordy, 1986) .From behavioral and ele.ctrophysiological studies (Hodos et al., 1988 (Hodos et al., , 1991a Porciatti et al., 1991) , it was found that the visual acuity of pigeons declined with age. Also in a behavioral test of female quail, Hodos et al. (1991b) showed a decline in visual acuity with age. Nevertheless, no age-related change in the visual acuity of the quail could be found in the present study. The PERG is a retinal response, while the behavioral tests involve the whole visual pathway to the brain, postretinal factors may contribute to the difference. Furthermore, Hodos et al. (1991b) did not carry out refractive correction before the visual acuity measurements.Image blurring caused by refractive error might affect the perception in high spatial frequency vision (BodisWollner & Camisa, 1980) .We had also measured visual acuity of quail by PERG without refractive correction and found that the visual acuity of quail declinedwith age (Hodos et al., 1996) . However, we noticed later that the averagedrefractivestate of the old quailwas significantly more myopic than that of the young (Fig. 2) , so image blurring would be more serious in the old quail without refractive correction, which in turn could result in a relative underestimation of visual acuity. With proper refractive correction performed in the present study, this age-dependentdecline of visual acuity disappeared.
It is worth noting that visual acuity is a measure of visual discrimination of fine details with high contrast. Since fine details can only be discriminated by the macula, visual acuity relates mainly to macular function (Frisen, 1980) . Therefore; "visual Xwity''-asqgemrally-----xmeasured cannot altogetherbe relied upon as a complete measure of spatial sensitivity.A more complete assessment of ageing effects comes from contrast sensitivity measurements, because the contrast sensitivity function describes sensitivity to a broad range of target sizes. Thus, the contrast sensitivityfunction provides information about visual status above and beyond that provided by visual acuity measurements (Sekuler, 1982) .
The existing literature on the effects of age on contrast sensitivity in humans suggests some age-dependent deficitsat high but not at low spatialfrequencies (Owsley et aZ., 1983; Scialfa et al., 1988) . In these reports, static gratings were used in the tests. If, however, the display was temporally modulated, age differences then became apparent also at low spatial frequencies Owsley et al., 1983; Kline et al., 1990; Burton et al., 1993) . found with grating stimuli modulated at 6 Hz, that the older observers had contrast sensitivity decreased by about three times at low and intermediate spatial frequencies compared with the young, but had similar sensitivity at high frequencies. The similarity observed at the high spatial frequencies for the two age groups may not be surprisingsince the two groups were very similar in their acuity levels.
The human data, reviewed briefly above, are in good agreement with the result of the contrast sensitivity measurements obtained in the present study. The grating stimuli used was modulated at a temporal frequency of 7.7 Hz and did reveal significant age-related contrast sensitivity decline (1.5-3 times) at low to intermediate spatial frequencies (<2 c/d) in old quail compared with the young. Since optical factors would tend to affect responses to high spatial frequencies more than low (Bodis-Wollner& Camisa, 1980) ,the reduced sensitivity of the older observers to low spatial frequencies cannot be explained in terms of optical factors and/or as the result of ocular pathology. It would seem more probable that this effect reflects a selective loss in retinal mechanisms controlling low spatial frequency signal detection and temporally transient targets (Selculeret al., 1980) .
